Porcine epidemic diarrhea has become pandemic in the Asian pig-breeding industry, causing significant economic loss. In the present study, 11 complete genomes of porcine epidemic diarrhea virus (PEDV) field isolates from China were determined and analyzed. Frequently occurring mutations were observed, which suggested that full understanding of the genomic and epidemiological characteristics is critical in the fight against PEDV epidemics. Comparative analysis of 49 available genomes clustered the PEDV strains into pandemic (PX) and classical (CX) groups and identified four hypervariable regions (V1 to V4). Further study indicated key roles for the spike (S) gene and the V2 region in distinguishing between the PX and CX groups and for studying genetic evolution. Genotyping and phylogeny-based geographical dissection based on 219 S genes revealed the complexity and severity of PEDV epidemics in Asia. Many subgroups have formed, with a wide array of mutations in different countries, leading to the outbreak of PEDV in Asia. Spatiotemporal reconstruction based on the analysis suggested that the pandemic group strains originated from South Korea and then extended into Japan, Thailand, and China. However, the novel pandemic strains in South Korea that appeared after 2013 may have originated from a Chinese variant. Thus, the serious PED epidemics in China and South Korea in recent years were caused by the complex subgroups of PEDV. The data in this study have important implications for understanding the ongoing PEDV outbreaks in Asia and will guide future efforts to effectively prevent and control PEDV.
P
orcine epidemic diarrhea (PED) is an acute enteric tract infectious disease characterized by thin-walled intestines with severe villus atrophy and congestion, which can rapidly lead to death from acute watery diarrhea and vomit, especially in piglets (1) (2) (3) . Porcine epidemic diarrhea virus (PEDV), the etiological agent (4, 5) , is an alphacoronavirus from the family Coronaviridae of the order Nidovirales (6) .
The PEDV genome is approximately 28 kb in length and comprises seven open reading frames (ORFs) (7, 8) . The spike (S) gene of PEDV encodes the spike glycoprotein and can be divided into S1 and S2 domains, just as in other coronaviruses (9) (10) (11) . The S glycoprotein interacts with the cellular receptor to regulate viral entry and contains neutralizing epitopes to induce neutralizing antibodies (12, 13) . In addition, the S gene shows a high degree of genetic diversity (14) , especially in the S1 domain or the N-terminal region of the S1 domain (15) (16) (17) , and is considered an important gene marker in understanding genetic variations of PEDV strains in the field (16, 18, 19) .
The first PEDV strain, CV777, was recognized in Belgium in 1977 (4, 5) . Postemergence, several European nations reported disease outbreaks (20, 21) . Currently, PED disease is causing serious losses in the pig industry in many Asian nations, including South Korea (14, 22, 23) , Thailand (9, 18) , and China (24) . At present, strains of PEDV cause more severe clinical symptoms than previous strains; pigs of all ages are affected and exhibit different degrees of diarrhea and loss of appetite (2, 18, 23) . The strains emerging in Asia are distinct from previous endemic PEDV strains and may have been introduced from overseas (9, 23) .
In the present study, 11 complete genomic sequences of Chinese field strains collected from 2011 to 2014 were determined. Together with 38 other available PEDV genomes, they were used to analyze genome characteristics and evaluate the genetic stability of the virus. Furthermore, we analyzed the epidemic regularity of 219 PEDV field strains, determined the relationship among PEDV strains more precisely, and revealed the phylogeography and spatiotemporal spread of PEDV in Asia.
MATERIALS AND METHODS
Sample collection and treatment. From April 2011 to March 2014, nine intestinal homogenates and two feces samples were collected from pigs that had severe diarrhea and a high mortality rate at 11 farms (Table 1) . PEDV infection was confirmed by a PEDV membrane (M) gene-based reverse transcription-PCR (RT-PCR) (25) and by sequencing. The 11 positive PEDV samples were from large-scale commercial swine farms (Ͼ50,000 pigs) and were inoculated with PEDV vaccine. In each outbreak, intestinal or feces samples collected from 3-to 4-day-old piglets displayed the clinical features associated with PED, including watery diarrhea, loss of appetite, vomiting, and dehydration.
These samples were collected individually and placed in separate sterile specimen containers. The minced intestinal and blended feces were used to generate a 10% (g/ml) homogenate in phosphate-buffered saline (PBS). The homogenate was freeze-thawed three times, vortexed, and centrifuged at 5,000 rpm for 10 min at 4°C. The supernatant was removed and centrifuged at 10,000 rpm for 10 min at 4°C. The final supernatants were used immediately or stored at Ϫ20°C.
RNA extraction and RT-PCR. The primers (see Table S1 in the supplemental material) were designed based on the highly conserved sites of the PEDV reference strain CHGD-01 (GenBank accession no. JX261936.1), using Oligo 6.0. Six overlapping DNA fragments were amplified by RT-PCR.
Viral RNA extraction, RT-PCR amplification, and cloning were performed according to conventional protocols, with some modifications (26) . In brief, viral RNA was extracted from the supernatants of the homogenized positive samples using an RNeasy minikit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. Viral RNA was eluted into 50 l of RNase-free water. HiScript reverse transcriptase (HiScript II 1st Strand cDNA synthesis kit; Vazyme, China) was used to synthesize cDNA from the extracted RNA and stored at Ϫ20°C. The amplifications for the six overlapping DNA fragments were performed using LAmp DNA polymerase (Vazyme, Nanjing, China). A SMARTer rapid amplification of cDNA ends (RACE) kit (Clontech, Japan) confirmed the 5= and 3= ends of the genome, according to the manufacturer's instructions.
Whole-genome sequence and assembly. In brief, bands of corresponding size of the RT-PCR products were excised, and a QIAquick gel extraction kit (TaKaRa, Shanghai, China) was used to purify the synthesized DNA, according to the manufacturer's instructions. The Shanghai Sunny Biotechnology Co, Ltd. (Shanghai, China) sequenced the purified products. Each nucleotide was identified from the replicates that gave identical results. The DNAStar software package (DNAStar Inc., Madison, WI, USA) was used to assemble and analyze the sequencing data. The complete genome sequences of the 11 Chinese PEDV strains were submitted to the GenBank database with the accession numbers shown in Table 1 .
Variation analysis of 49 whole PEDV genomes. The method of calculating the variation coefficient is shown in Fig. S1A in the supplemental material. One hundred base pairs at a time were extracted from the alignment of 49 whole PEDV genomes (Table 1; see also Table S2 in the supplemental material) constructed by MEGA (v5.0.3) software (27) , which contained a total of 4,900 points, and analyzed. If the nucleotide at one point was dissimilar to the common one, it was defined as a variable point. The variation coefficient was the number of variable points in every 100 bp, and the maximum value was 2,400. The analysis was repeated by sliding the analysis window forward by 20 bp and analyzing the next 100 bp. A total of 1,404 variation coefficients were calculated by our procedure (http://www.chinasscontrol.com/biosystem/index.php). A vertical value of Ͼ100 was consider a dissimilar region. Prism 5 (GraphPad Software, La Jolla, CA, USA) was used to construct a graph of the variation coefficients with a window size of 100 bp and a step of 20 bp.
Multiple-sequencing alignments and phylogenetic analysis. Phylogenetic analysis was performed following the procedures outlined by Chen et al. (15) . ClustalW alignments with default parameters were produced for the whole genome, the entire spike gene, the N-terminal domain (NTD) of the S gene (corresponding to nucleotides [nt] 20635 to 21813 [covering 1,179 bp] of the strain AH2012), and the four most variable regions (V1 to V4; Fig. 1A ). Phylogenetic trees were constructed separately with the molecular evolutionary genetics analysis (MEGA) software package (v.5.0.3) (27) using the neighbor-joining method, with p-distance, complete gap deletion, and bootstrapping (n ϭ 1,000) parameters.
Analysis of nucleotide positions distinguishing PEDV classical and pandemic groups (DCP). The calculation method for the DCP values is shown in Fig. S1B in the supplemental material. Some DCP nucleotide positions are indicated by blue boxes as typical examples. The number of DCP positions defined the DCP value, which was calculated with a window size of 100 bp and a step of 20 bp. The baseline of the value was 6. Prism 5 (GraphPad Software, La Jolla, CA) was used to draw the graph of the DCP values (window size of 100 bp, step of 20 bp).
Antigenic index and hydrophilicity plots. Four strains were subjected to antigenic index and hydrophilicity analysis, based on the NTD region of the S protein. The antigenic index and hydrophilicity plots were obtained using the Jameson-Wolf and Kyte-Doolittle algorithms (28) (29) (30) , respectively, with the aid of the DNAStar package (DNAStar Inc., Madison, WI, USA). The Kyte-Doolittle method predicts regions of hydrophilicity by summing hydrophilicities over a specified range of amino acids, with an average of nine residues. The Jameson-Wolf method predicts the antigenic index, which produces an index of antigenicity by combining the values for hydrophilicity.
Phylogeography and spatiotemporal analysis. A total of 219 available and background-clear Asian complete S gene sequences of PEDV were downloaded from GenBank (see Table S3 in the supplemental material). A geographical dissection of the Asian PEDV strains was performed based on the phylogenetic tree of 219 complete S genes. Some PEDV strains had no basic information or available whole-genome or S gene sequences (e.g., some strains from Taiwan and Vietnam) and were not included in this count. The strains were located in the isolated provinces or countries shown on the map in Fig. 4 . Note that for strains from China, the location was accurate at the province level, whereas for the others, only the country of origin was known. A time-based geographical dissection of Asian PEDV strains was conducted. On the map, we used four colored spots to distinguish the pandemic group strains, the classic group strains, and the newly sequenced cases of PEDV.
Nucleotide sequence accession numbers. The sequences determined in this study were deposited in GenBank under accession numbers KM609203 to KM609213.
RESULTS
Whole-genome sequencing. To reveal the characteristics of this virus and determine more precisely the relationships among the PEDV strains currently circulating in China and other nations, 11 whole genomes of Chinese PEDV isolates collected from different districts at different times were sequenced. All of the whole genomes were 28,038 nucleotides in length, excluding the poly(A) tail. The 11 whole genomes exhibited nucleotide sequence identities ranging from 97.5% to 99.7%, with no insertions or deletions. Their genomic organization was typical of all previously sequenced PEDV strains and was summarized as 5=UTR-ORF1a/ 1b-S-ORF3-E-M-N-3=UTR (Fig. 1B) . The lengths of the seven ORFs were 12,309 bp, 7,638 bp, 4,161 bp, 675 bp, 231 bp, 681 bp, and 1,326 bp, respectively.
Identification of hypervariable regions by whole-genome analysis. To comprehensively investigate the heterogeneity of PEDV, we performed variation analysis of 49 PEDV whole genomes (11 determined in this study and 38 other available PEDV complete genomes). We identified the four most dissimilar re- gions, named V1, V2, V3, and V4, respectively (Fig. 1A) . In Whole-genomic phylogenetic analysis identified the classical and pandemic groups. The phylogenetic tree of 49 PEDV genomes indicated that the PEDV isolates could be divided into two clusters, designated the pandemic group and the classical group ( Fig. 2A) . Thirty-nine Chinese and American strains isolated after 2008 comprised the pandemic group. The classical group comprised 10 strains, including 3 Korean strains (SM98, DR13, and attenuated DR13), 6 Chinese strains (CH/S, LZC, SD-M, attenuated vaccine, JS2008, and JS2008 new), and 1 European strain (CV777). All the strains were isolated before 2008, except strain SD-M (5, 14, 31, 32), and had a rather distant phylogenetic relationship with pandemic group field strains. The 11 isolates first reported in the present study were all clustered into the pandemic group and had a close relationship with Chinese strains isolated after 2008. Among them, the PEDV-LYG and WS strains, collected in 2014, were most closely related to the CH/FJND-3/2011 strain, which was reported as a PEDV variant (33) . Only the PEDV-7C strain was closely clustered with the CHGD-01 (26), GD-1 (34), CH/GDGZ/2012 (35) , and GD-A (36) strains, which were all isolated in Guangdong province, China.
Identification of regions that distinguished between the classical and pandemic groups (DCP). To recognize the characteristic gene differences between the classical and pandemic groups, we analyzed the 49 whole-genome sequences. Ultimately, we identified a total of 322 distinctive nucleotides between the pandemic group strains and the classical group strains, based on whole-genome sequencing (data not shown). Among the 322 nt, 79 nt (24.5%) were located in the 1-to 1,179-bp region of the S gene (located on the whole genome of the AH2012 strain at 20,635 to 21,813 bp), and it was the major region that distinguished between the classical and pandemic groups (Fig. 1C) . This region, which is included in the V2 region (Fig. 1C) , resulted in 49 amino acid changes (see Fig. S2 in the supplemental material) .
Phylogenetic tree analysis of the whole S gene and the NTD region. The phylogenetic trees for the full-length S gene and NTD region collectively showed the same grouping structure as the tree generated from the PEDV whole genomes, except for the U.S. strain OH851, which was clustered differently in the trees of the S gene and the NTD region compared with the entire genome tree (Fig. 2) . This agreed with a previous study (37) . Between the complete genome and the entire S gene tree, there was also some small dissimilarity in the pandemic group, including the AH2012, CH/ ZMDZY/11, CH/FJND-3/2011, CH/FJZZ-9/2012, and PEDV-10F strains, whose subgroup distribution changed. The NTD region tree was very similar to the entire S gene tree, except for strain PEDV-7C in the pandemic group. Even though PEDV evolution was not entirely reflected in the analysis of the S gene or NTD region, clustering based on these regions remained an efficient approach for PEDV. Phylogenetic trees based on the V1, V3, and V4 regions did not indicate two distinct genogroups (see Fig. S3 in the supplemental material), which further showed that the S gene was the best candidate for evaluate the evolutionary relationships of PEDV strains.
Antigenic index and the hydrophilicity plot analysis of the two PEDV groups. Four strains (CHZ, 7C, SD-M, and LZC), as representatives, were subjected to further analysis of their antigenic index and the hydrophilicity plot for the NTD (1 to 360 amino acids) of the S protein (Fig. 3) . The first two strains were clustered into the pandemic group, and the latter two strains were in the classical group (Fig. 2A) . The main antigenic index differences were located at amino acids 53 to 73 and 118 to 179 (Fig.  3A) . In addition, the major differences on the hydrophilicity plot were for amino acids 53 to 73 and 118 to 165 (Fig. 3B) . These dissimilar regions showed certain point mutations and deletions that differentiated the pandemic group from the classical group.
Genotyping and phylogeny-based geographical dissection of PEDV strains in Asia. We used 219 available complete S gene sequences, which were isolated from Japan (4 strains), South Korea (39 strains), Thailand (12 strains), and China (204 strains) (see Table S3 in the supplemental material). The PEDV strains fell into two distinct groups. The group that included all the strains in the whole-genome pandemic cluster remained and was termed the pandemic group (PX). Similarly, the classical group was termed CX (Fig. 4 left) . The PX was further divided into subgroups 1a, 1b, 1c, 2a, 2b, and 2c; and the CX was divided into 1a, 1b, and 1c (Fig.  4 left) . From the phylogenetic tree, four subgroups (PX1a, PX1c, CX1a, and CX1b) contained only Chinese field strains. Thai strains were clustered into two subgroups with Chinese or South Korean strains in the pandemic group. The strains in Japan formed subgroups PX2c and CX2c with South Korean or Chinese strains, whereas the South Korean strains were grouped into four subgroups (PX1b, PX2b, PX2c, and CX1c), and the Chinese strains clustered into every subgroup, except PX2b and PX2c (see Fig. S4 in the supplemental material) . The clinical strains from PX1a were the main epidemic subgroup of PEDV outbreaks in China, and PX1b was the main subgroup responsible for outbreaks in South Korea. Interestingly, CX1c contained strains isolated from South Korea, Japan, and China from 1986 to 2013 (see Fig. S4 ) and was the most complex subgroup.
The possible geographical origins of the 219 PEDV strains were plotted to obtain clues regarding the spread tendency of the emergent PEDV strains in Asia (Fig. 4 right) . From the geographical locations, we found that in Japan and Thailand, the common strains were relatively simple, whereas in China, PEDV had spread into every province around the coastal regions, even into Sichuan province or northeast China, since the CH/S strain was isolated in 1986 in Shanghai (31) . South Korea also suffered continuous and large-scale outbreaks. Since late 2013, several outbreaks of PEDV infection emerged in Taiwan (38) and Vietnam (39) ; however, the information on the epidemics was not detailed enough to be analyzed in this study.
Spatiotemporal reconstruction of PEDV strains in Asia. Combining the molecular sequence data with the isolation times and geographical coordinates allowed a spatiotemporal distribution of PEDV to be inferred ( The three neighbor-joining trees (bootstrap n ϭ 1,000; p-distance) were constructed based on ClustalW alignments of their respective nucleic acid sequences. The sequences in red and branches were revealed for the first time in this study. All three phylogenetic trees were divided into two deep branches, a pandemic branch and a classical branch. The only exception was PEDV isolate OH851, which is linked by blue lines among the three phylogenetic trees.
South Korea were clustered into the classical group. However, two from South Korea were clustered into the pandemic group (Fig.  5) , which indicated that the pandemic PEDV in Asia might have originated from South Korea. As of 2010, PEDV was widespread, pandemic group strains emerged in South Korea, and Japan added two pandemic group strains and one classical group strain, whereas China only added four classical group strains (Fig. 5) . In addition, there were two pandemic group strains first reported in Thailand (9) .
Between 2010 and 2011, PEDV was continuously detected in various areas in Thailand, and the prevalence of PEDV infections was low and only sporadic outbreaks occurred in South Korea. However, for unclear reasons, a severe PED epizootic was affecting pigs of all ages in many provinces of China, extending into Sichuan and the northeast area of China (Fig. 5) . Prevalent PEDV field strains in China were not only distributed in the pandemic group but also represented some clinical strains of the classical group. Between 2012 and 2014, PEDV caused widespread outbreaks in Thailand, South Korea, and China, even extending to Taiwan (38) and Vietnam (39) .
DISCUSSION
In recent years, PEDV has continued to cause severe economic damage to the swine industry in Asia. The existing measures, including vaccination, biosecurity, and feedback, cannot effectively block the spread of this disease (2, 14, (40) (41) (42) . The 11 complete genomes of PEDV field isolates from China determined in this study showed a wide range of genetic variation, which suggested a large risk of PEDV outbreak by novel variants. Comparisons and phylogenetic analysis of 49 PEDV whole genomes (including 12 emerging strains from the United States) confirmed that this issue is also present throughout Asia and in America. Several investigators have reported that the S gene is appropriate to study the genetic relatedness of this virus (14, 15) . Here, we attempted to search for variations more accurately through whole-genome analysis and hoped to provide clues to the PEDV evolutionary mechanism.
In this study, four hypervariable regions (V1 to V4) were identified in the whole PEDV genomes, which particularly associated with the PEDV evolutionary process. V1 is located between nsp2 and nsp3, which is considered the putative region of possible recombination events of the US-AH lineage strains (43) . V2 is located in the amino terminus of the S protein, which functions as a receptor-binding domain (44) . V3 is distributed mainly in the ORF3 gene, which has been used to differentiate between field and vaccine-derived isolates and altered the virulence of PEDV (45) . V4 is included in the N gene, which contradicts a previous report that implied that the N gene is highly conserved (46) . These differences probably reflect the limited available sequences, small study samples, and analysis of the single N gene in the previous study.
Among the regions, the V2 region (included in the S gene) was the most appropriate to evaluate the evolutionary relationship of PEDV strains and to cluster PEDV strains into the pandemic and classical groups. Further analysis confirmed that the V2 region was suitable to analyze the significant differences in epidemiology between the two groups (2, 9, 47) . Thus, the V2 region might play an important role in the genetic evolutionary process of PEDV and will be the focus of future research. The high degree of genetic heterogeneity in the V2 region might explain why the classical vaccine strains cannot effectively control the spread of the pandemic group strains at present. The antigenic index analysis of the V2 region showed enhanced antigenicity in the pandemic group compared with the classical group (43), while none of the known antigen epitope motifs was included in the V2 region (48, 49) . These results suggested that some novel neutralizing sites might have formed in the V2 region of the pandemic group strains, which might be associated with their rapid spread and strong pathogenicity (50, 51) .
In the phylogenetic tree of the whole genome and the NTD region (included in the V2 region and S gene), the OH851 strain clustered in different groups, which was the only exception. In South Korea, another strain was clustered with strain OH851 (52) . These new PEDV variants might originate from a genetic recombination event between pandemic group strains and classical group strains (37). We may still be able to use the S gene to evaluate the evolutionary relationship of PEDV strains and cluster these strains as OH851-like strains, which will require further analysis. Currently, several novel PEDV strains that showed large genomic deletions in the S gene have been isolated in the United States (53) and South Korea (54). These observations suggested that it is critical to monitor PEDV molecular epidemiology continuously.
PEDV has spread into most nations with a swine industry in Asia (2, 9, 23), even being detected in Taiwan (38) and Vietnam (39) . Thus, it has spread beyond its geographical limitation. According to the S gene sequences, the 219 PEDV strains in Asia were clustered into pandemic and classical groups. Further subgroup analysis indicated the significant regional differences in the spread Table S3 in the supplemental material. The genogroups and subgroups were proposed according to the above phylogenetic analysis. The pandemic pathotype was divided into six subgroups (PX1a, PX1b, PX1c, PX2a, PX2b, and PX2c) and the classical pathotype into three groups (CX1a, CX1b, and CX1c). (Right) Phylogeny-based geographical dissection of PEDV strains from Asia. A map of Asia shows the districts where PEDV strains with available complete S gene sequences were isolated. The numbers in order and the colors for PEDV strains correspond to those labeled in the left panel.
of PEDV in different Asian countries. The PX1a, PX1c, CX1a, and CX1c strain subgroups were only epidemic in China, while the PX2b and PX2c subgroups were not detected. All strains isolated after 2013 in South Korea (except KNU/1301/2013 and KNU/ 1302/2013) were clustered into the PX1b subgroup and formed the main subgroup in South Korea. Notably, to date, a widespread outbreak has not occurred in Japan.
Spatiotemporal reconstruction of PEDV strains showed that South Korean Chinju99, isolated in 1999 (55) , is the oldest PEDV pandemic group strain in Asia. The original strains of the pandemic group detected in Japan, Thailand, and China are all homologous with Chinju99, and their genomes have remained relatively stable (51) , which implies that the pandemic group strains in Asian countries originated from South Korea. Before 2008, most PEDV field strains belonged to the classical group (Fig. S4 in the supplemental material), but subsequent acute outbreaks in Asia were caused by pandemic group PEDV strains, initially in South Korea (2008) (14) and then in Thailand (2008) (41) and China (2011) (2) . Since 2013, the South Korean pandemic strains have become distinct from previous strains and are closely related to Chinese strains isolated after 2011 (see Fig. S4 ), which indicates that the currently emerging pandemic strains in the PX1b subgroup in South Korea originated from China.
In summary, South Korea and China have undergone the most complex PEDV epidemic situations in the past 5 years. The pandemic group strains in Asia likely originated from South Korea and then spread into Japan, Thailand, and China, successively.
However, the pandemic strains that emerged in South Korea after 2013 may have originated from a Chinese variant. In the process of spreading, PEDV underwent numerous genetic variations. In particular, the V2 region plays important roles in PEDV genetic evolution and pathogenicity, which should be investigated further in future research.
